Over the last two decades, extensive research on plant-based medicinal compounds has revealed exciting and important pharmacological properties and activities of triterpenoids. Fruits, vegetables, cereals, pulses, herbs and medicinal plants are all considered to be biological sources of these triterpenoids, which have attracted great attention especially for their potent anti-inflammatory and anti-cancer activities. Published reports in the past have described the molecular mechanism(s) underlying the various biological activities of triterpenoids which range from inhibition of acute and chronic inflammation, inhibition of tumor cell proliferation, induction of apoptosis, suppression of angiogenesis and metastasis. However systematic analysis of various pharmacological properties of these important classes of compounds has not been done. In this review, we describe in detail the pre-clinical chemopreventive and therapeutic properties of selected triterpenoids that inhibit multiple intracellular signaling molecules and transcription factors involved in the initiation, progression and promotion of various cancers. Molecular targets modulated by these triterpenoids comprise, cytokines, chemokines, reactive oxygen intermediates, oncogenes, inflammatory enzymes such as COX-2, 5-LOX and MMPs, anti-apoptotic proteins, transcription factors such as NF-jB, STAT3, AP-1, CREB, and Nrf2 (nuclear factor erythroid 2-related factor) that regulate tumor cell proliferation, transformation, survival, invasion, angiogenesis, metastasis, chemoresistance and radioresistance. Finally, this review also analyzes the potential role of novel synthetic triterpenoids identified recently which mimic natural triterpenoids in physical and chemical properties and are moving rapidly from bench to bedside research.
Introduction
Medicinal plant-based traditional system of medicine commonly known as Ayurvedic medicine in India and traditional Chinese medicine have been the primary source of medication for centuries in the Asian subcontinent [1] . These natural remedies play an important role both in the prevention of development and in the treatment of chronic inflammation-driven diseases [2] . Numerous reports published within the last three decades have indicated that persistent inflammation is the primary initiating factor that causes major chronic diseases, while a comprehensive strategy towards prevention or treatment of these diseases is still lagging [3] . The discovery of various pathophysiological factors such as oncogenes, tumor suppressor genes, gene-specific mutations, cytokines, chemokines, growth factors and their receptors, intracellular signaling molecules, protein kinases, epigenetic makeup of the cell, the environmental factors, and finally the overall advancement in the development of technology-based genomics, Abbreviations: AML, acute myelogenous leukemia; ALL, acute lymphocytic leukemia; ATF2, activating transcription factor 2; ARE, antioxiant response element; ABCG2, ATP-binding cassette, sub-family G (WHITE), member 2; B-CLL, B-cell chronic lymphocytic leukemia; bZIP, basic leucine zipper; Bcl2, B-cell lymphoma 2; CLL, chronic lymphocytic leukemia; COX, cyclooxygenase; CREB, c-AMP response element binding protein; CDKN2, cyclin dependent kinase 2; DAPK1, death associated protein kinase 1; DR, death receptor; EGCG, (À)-epigallocatechin gallate; EGFR, epidermal growth factor receptor; FADD, Fas-associated protein with death domain; HCL, hairy cell leukemia; IjB, inhibitory subunit of NF-jB; IKK, IjB kinase; IL, interleukin; iNOS, inducible nitric oxide synthase; Keap1, Kelch-like ECHassociated protein 1; IAPs, inhibitor of apoptosis; LOX, lipoxygenase; MMP, matrix metalloproteinase, MAPK, mitogen-activated protein kinase; Nrf2, nuclear factorerythroid 2p45 (NF-E2)-related factor 2; NF-jB, nuclear factor-jB; PGC-1a, peroxisome proliferator activated receptor gamma coactivator 1; PARP, poly ADP ribose polymerase; ROS, reactive oxygen species; RNS, reactive nitrogen species; RCC, renal cell carcinoma; STAT3, signal transducer and activator of transcription 3; TRAMP, transgenic adenocarcinoma of prostate; TNF-a, tumor necrosis factor; TGFb, transforming growth factor beta; TIMP-3, tissue inhibitor of metalloproteinase 3; VCAM-1, vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.
of chronic inflammation to cancer [4] . An urgent need to understand the various factors that contribute to and accelerate disease progression to an irreversible chronic stage need to be tackled with a variety of combined approaches [4, 5] . Extensive research from our laboratory and that of others have provided ample evidence that bioactive phytochemicals present in spices, fruits, seeds, and cruciferous vegetables have shown the potential to prevent inflammation-driven diseases [3, [6] [7] [8] . Overwhelming evidence also suggests that consumption of fruits, vegetables and medicinal plants rich in triterpenoids have shown beneficial effects against a variety of inflammation-driven diseases, including cancer of the breast, prostate, colon, lung, liver, kidney and the pancreas [2, 9] .
Terpenoids represents a large class of natural compounds which are classified according to the number of isoprene units [10] . Triterpenoids are synthesized in plants by cyclization of squalene and are major constituents in medicinal plant decoctions and extracts [10] . To date, approximately 20,000 triterpenoids have been identified from the various parts of medicinal plants [11] . The tetracyclic triterpenoid compound, tirucallic acid, has eight isoprene units while the majority of triterpenoids have six isoprene units. Tirucallic acid represents a new class of tetracyclic compounds that has been shown to induce apoptosis in prostate cancer cells with in vitro and in vivo. [12] . Other naturally occurring tetracyclic triterpenoids that show potent anti-inflammatory and anticancer activity include cucurbitacins, diosgenin, ganoderic acid, ginsenosides, gypenoside, oleandrin, and withanolide. However, among all the terpenoids, pentacyclic triterpenoids are the most potent natural product compounds showing wide ranging anti-inflammatory and anticancer activities and have been extensively studied. Naturally occurring pentacyclic triterpenoids include ursolic acid (UA), oleanolic acid (OA), betulinic acid (BetA), bosewellic acid (BA), Asiatic acid (AA), a-amyrin, celastrol, glycyrrhizin, 18-b-glycyrrhetinic acid, lupeol, escin, madecassic acid, momordin I, platycodon D, pristimerin, saikosaponins, soyasapogenol B, and avicin [10, 13] (Fig. 1) . Recent development of synthetic pentacyclic triterpenoids viz. cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic acid (CDDO), its methyl ester (CDDO-Me), and imidazolide (CDDO-Im) that mimic natural triterpenoids in physical and chemical properties are effective in inducing apoptosis in a variety of cancer cells and retard tumor growth in vivo [14] [15] [16] has rejuvenated interest in this field of research. In this review, we will discuss the enormous potential of various plant-based triterpenoids that have in recent years shown great promise as chemopreventive and therapeutic agents by inhibiting key signaling molecules, inflammatory mediators, tumor cell proliferation, invasion, metastasis, and angiogenesis in various in vitro and in vivo models of cancer. In vivo antitumor activity of terpenoids is summarized in Table  1 . A schematic diagram depicting the potential effects of these triterpenoids on pro-inflammatory mediators is shown in Fig. 2 .
Asiatic acid
Asiatic acid (AA) is a pentacyclic triterpenoid derived from the tropical medicinal plant, Centella asiatica (Apiaceae) [17] . Pentacyclic triterpenoids have been found to have wide-ranging pharmacological effects and in particular AA has been shown to reduce inflammation, inhibit tumor cell proliferation, and induce apoptosis through a mitochondria-dependent pathway [18] . Its anti-cancer efficacy is attributed to its ability to inhibit transcription factor NF-jB, p38 MAP and ERK kinases in a variety of tumor cells [18] [19] [20] [21] . AA induced apoptotic cell death in human hepatoma and malignant glioma cells through enhancing intracellular calcium release [22, 23] . AA as well as C. asiatica extract have also been shown to inhibit HT-29 colon cancer cells in vitro and in azoxymethane-induced aberrant crypt formation and colon cancer in the intestines of F344 rats [24, 25] . Topical application of AA was shown to reduce mouse ear inflammation induced by TPA or arachidonic acid [26] and skin tumor formation in ICR mice by inhibiting TPA induced generation of NO and expression of iNOS and COX2 [27] . Despite these widely described anti-cancer properties, additional studies are required especially to investigate anti-angiogenic and anti-metastatic potential of AA in vivo.
Avicins
Avicins comprise a family of plant derived pentacyclic triterpenoids, was first identified in the desert plant, Acacia victoriae (Leguminosae). Using HPLC fractionation procedure, the plant extract was subjected to cytotoxicity assay. Two fractions, namely avicin D and avicin G were identified as bioactive [28] [29] [30] . Subsequent studies with avicins revealed its dual role as a potent inhibitor of activation of NF-jB [31] and activate NF-E2-related factor 2 (Nrf2) [32] in a redox-dependent manner, accounting for its Fig. 2 . Anti-inflammatory triterpenoids modulate multiple pathways involved in tumor initiation, progression and metastasis. Pro-inflammatory microenvironment surrounding the tumor cells stimulate nuclear factor NF-jB and STAT3 which mediates the transcription of various target genes involved in various cellular processes, which can result in the development and progression of cancer. Activating the KEAP1-NRF2-ARE cytoprotective network has important implications for cancer prevention. Triterpenoids are able to activate nuclear factor-erythroid 2p45 (NF-E2)-related factor 2 (Nrf2) signaling through direct oxidation or modification of the Kelch-like ECHassociated protein 1 (Keap1) cysteine thiol and/or through the activation of upstream protein kinases. Nrf2 is normally sequestered in the cytoplasm by Keap1, and phosphorylation results in the dissociation and nuclear migration of Nrf2. Nrf2 accumulates in the nucleus and combines with other basic leucine zipper (bZIP) proteins, transactivates the ARE of many cytoprotective enzymes, including phase II detoxifying enzymes, antioxidants and their modulating enzymes and DNA repair enzymes. These enzymes facilitate the detoxification of carcinogens, enhance the reducing potential against free radicals, and activates cellular capacity to repair oxidatively damaged DNA and proteins.
anti-inflammatory [33] and antioxidant properties, respectively [32] probably by its ability to interact with critical cysteine residues. Interstingly, Haridas et al. showed that avicins interact with and modify cysteine residues in a bacterial system with redox sensitive transcritptional activator, OxyR of Escherichia coli as a target, wherein the distal portion of the avicin side-chain formed a reversible and covalent thioester bond with the critical cysteine (SH) on the OxyR molecule [34] that provide adaptive response to oxidative and nitrosative stress. Avicins also selectively inhibited the growth of various tumor cells, activated the intrinsic caspase pathway to induce apoptosis by direct perturbation of mitochondria, and down-regulated a group of pro-survival, anti-apoptotic proteins, mitochondrial and Fas mediated apoptotic cascades, as well as autophagy associated non-apoptotic programmed cell death [28, 29, 31, [35] [36] [37] . In a recent report, avicin D was shown to induce not only apoptotic but also autophagic cell death by the depletion of the cell energy supply, suggesting a potential therapeutic application of avicins in apoptosis-resistant cancer [36] . In addition to their cytotoxic properties, avicins possess cytoprotective effects against non-transformed cells, in part related to the activation of the transcription factor, Nrf-2 [32] . Activation of proteins downstream of Nrf2, such as glutathione peroxidase, heme-oxygenase, and thioredoxin reductase, accounts in part for the antioxidant, antimutagenic and tissue protective effects of avicins, both in vitro and in vivo [32, 33] . The studies indicated that avicins act as multifunctional compounds, and not only inhibit tumor cell growth but may also play a role in the maintenance of cellular homeostasis. Increasing evidences have shown that avicins may affect multiple cellular processes such as inhibition of growth factor signaling, inflammation, and oxidative stress response, trigger cell death by activation of apoptotic molecules, increase the cellular stress response pathway and, by induction of AMPK-tuberous sclerosis complex 2 (TSC2)-mammalian target of rapapmycin (mTOR) pathway, lead to autophagic cell death [38] . Another recent report indicated that avicin D treatment can cause Fas to translocate to the cholesterol-and sphingolipid-enriched membrane microdomains of lipid rafts where it interacts with Fas-associated death domain (FADD) and caspase-8 to form death-inducing signaling complex (DISC) and thus cell apoptosis. By using cholesteroldepleting methy-b-cyclodextrin they show that avicin D prevents the association of Fas to DISC complex [37, 38] . Avicins dephosphorylate STAT3 and inhibit STAT3 activity in a variety of tumor cell lines. The STAT3-regulated proteins such as c-myc, cyclin D1, Bcl-2, survivin and VEGF were shown to be downregulated while dephosphorylation of JAKs and activation of protein phosphatase 1 contribute to the induction of apoptosis of tumor cells [39, 40] and inhibited VEGF in a mouse skin carcinogenesis model via inhibiting STAT3 activation [39] . Jurkat cells showed a decrease in the levels of cellular ATP and the rate of oxygen consumption upon avicin D treatment probably mediated by permeabilized outer mitochondrial membrane, leading to the release of cytochrome-C. The released cytochrome then binds to APAF1 and pro-caspase 9, to form apoptosomes, which can then drive the autocatalytic procession of effector caspases [38, 41, 42] . Avicins have been shown to reduce H-ras mutations and aneuploidy in a mouse model of skin carcinogenesis and decreased p53 mutations in the murine ultraviolet-B skin cancer model [33] . Thus, avicins appears to be a novel and potent molecule that can modulate diverse inflammatory pathways that are mostly activated in human carcinomas.
Betulinic acid
Betulinic acid (BetA) belongs to the lupane class of pentacyclic triterpenoid that was first isolated from the stem bark of Zizyphus mauritiana in 1995 [43] and has been found in many plants viz.
Tryphyllum peltaum, Ancistrocladus heyneaus, Zizyphus joazeiro, Diospyoros leucomelas, Tetracera boliviana, and Syzygium formosanum [43] . The anticancer activity of BetA has been demonstrated in both in vitro and in vivo tumor models as well as in human clinical trials. Pisha et al. identified BetA as a melanoma specific cytotoxic agent that especially induced apoptosis of melanoma cells in cultures and inhibited the growth of human melanoma tumors implanted subcutaneously in athymic mice without any associated systemic toxicity [43] . Subsequent studies with BetA showed selective cytotoxicity on a variety of tumor cell lines but not on normal cells [44] and induced apoptosis in neuroblastoma and glioblastoma cells through the activation of the mitochondrial pathway [45, 46] . Interestingly, a report by Tan showed that BetA inhibited prostate cancer growth through inhibition of the transcription factors, specificity protein1 (Sp1), Sp3, and Sp4 which regulate VEGF and survivin expression [49] . Furthemore, BetA has been shown to inhibit constitutive activation of STAT3, Src kinase, JAK1 and JAK2 and induce the expression of the protein tyrosine phosphatase, SHP-1. Silencing of the SHP-1 gene abolished the ability of BetA to inhibit STAT3 activation and also rescued tumor cells from BetA-induced cell death. BetA also significantly downregulated the expression of STAT3 regulated gene products such as, Bcl-xL, Bcl-2, cyclin D1 and survivin [50] . 23-hydroxy betulinic acid, isolated from Pulsatilla chinensis induced apoptosis of HL-60 cells by downregulating Bcl-2 and telomerase activity and of colorectal cancer cells by modulating mitochondrial membrane potential [51] . In a cell-free system, BetA has been demonstrated to directly cause mitochondrial outer membrane permeabilization and cytochrome-c release in a Bcl-2 or Bcl-xL-dependent manner, yet independently of caspases [52] [53] [54] . BetA has also been reported to induce apoptosis in a p53-independent fashion, including chemotherapy-refractory cases [44, 45, [54] [55] [56] [57] [58] indicating that this tritepene can also overcome chemoresistance, which is frequently encountered during cancer therapy suggesting tremendous potential for development as a therapeutic agent. Recent evidence indicates that the anticancer activity of BetA can be markedly increased when it is used in combination with conventional chemotherapy, ionizing radiation or cytokine TRAIL [57, 59, 60] . Furthermore BetA analogs have displayed significant anti-inflammatory activities in various animal models [61] . Fukuda et al. showed that oral administration of BetA prevented ultravioletB-induced photocarcinogenesis [62] . Similarly, NVX-207, a synthetic derivative of BetA, was shown to have potent anti-cancer activity. NVX-207 at 3.5 lM showed anti-tumor activity against various human and canine cell lines, and induced apoptosis by activation of caspase-3. Global gene expression profiling demonstrated that NVX-207 upregulated genes coding for lipid metabolism and cholesterol transport. A phase I/II study in dogs suffering from naturally occurring cancer receiving topical treatment of NVX-207 (10 mg/ml) showed excellent clinical responses including a complete remission in all animals receiving treatment. NVX-207 is also well tolerated and has significant anti-cancer activity both in vitro and in vivo [63] .
Boswellic acid
The gum resin form the plant Boswellia serrate (Synonym: Salai guggul) has been traditionally used for the treatment of inflammation driven diseases such as arthritis, respiratory diseases and liver disorders [64] . The bioactive components of this resin are boswellic acid (BA) and its derivatives acetyl-b-boswellic acid, 11-keto-b-boswellic acid, and acetyl-11-keto-b-boswellic acid (AKBA) [64] . BA was first identified as a potent anti-inflammatory compound that mediated its effect through inhibition of 5-LOX and leukocyte elastase [65] . In animal models of inflammation, BA has been shown to be effective against chronic inflammation-driven diseases such as adjuvant or bovine serum albumininduced arthritis, osteoarthritis, Crohn's disease, ulcerative colitis, and ileitis, and galactosamine/endotoxin-induced hepatitis in mice [64] . Besides its anti-inflammatory effects, BA also exhibits antitumor effects as indicated by its activity against brain tumors cells, leukemic cells, colon cancer cells, metastatic melanoma, fibrosarcoma, and hepatoma cells [2] . BA induced apoptosis was mediated by cell cycle arrest in the G1 phase and by activating caspases 3, 8 and 9 in HT-29 cells [66] . STAT3 activation has been linked with cancer cell survival, proliferation, chemoresistant and angiogenesis. Kunnumakkara et al. demonstrated that BA inhibited the growth of multiple myeloma cells by suppression of STAT3 pathway and by activation of protein tyrosine phosphatase SHP1 [67] . Furthermore, BA down regulated the expression of NFjB, cyclin D1, COX2, Ki-67, CD-31 and IAPs in the tumor tissue.
The presence of BA was detected in blood and in the tumor tissue indicating bioavailability at the tumor site [68] . BA has also been shown to inhibit azoxymethane-induced formation of aberrant crypt foci in the colon of mice [69, 70] . Interestingly, AKBA also exhibited similar anti-tumor activity as BA. AKBA induced cell cycle arrest was mediated by down-regulating the expression of cyclinD1, suppresses MMP activity, and also induced apoptosis by suppressing Bcl-2, and Bcl-xL expression, [71] . Most of the pro-inflammatory effects of TNF-a are mediated through activation of NF-jB. RANKL, another member of the TNF-a superfamily, has been found to mediate osteoclastogenesis through the NF-jB activation pathway. The results showed that AKBA potentiated apoptosis induced by TNF-a and chemotherapeutic agents, inhibited TNF-a-induced cell invasion, and abrogated RANKL-induced osteoclastogenesis through inhibition of NF-jB activation. AKBA inhibited lipopolysaccharide induced production of TNF-a in monocytes was mediated by suppression of IjBa kinases [72] . In vivo treatment with AKBA inhibited the growth and metastasis of colorectal cancer in orthotopically implanted tumors in nude mice. They found that the oral administration of AKBA (50-200 mg/kg) dose-dependently inhibited the growth of colorectal tumors with no adverse side effects. Other studies showed that BA and its novel cyano derivative of 11-keto-b-boswellic acid inhibited Ehrlich ascites tumor [73, 74] , novel 11-keto-b-boswellic acid inhibited promyelocytic leukemia cells, HL-60, in both ascites and solid tumor model, was mediated through the inhibition of topoisomerase I and II [75] and AKBA suppressed human prostate tumor xenografts in nude mice [76] . Shah et al. showed that 24-NH2 substituted b-boswellic acid derivatives exhibited much more potent apoptosis induction and cell proliferation inhibition than their parent 24-COOH compounds. Interestingly, the acylation of 24-amino group, or epimerization of 3a-OH resulted in loss of apoptotic activity [77] . The apoptotic induction of AKBA is independent of Fas and FasL interaction [66] , and is p21 dependent but not p53-dependent [78] . In addition, AKBA can enhance the apoptosis induced by TNF-a and some chemotherapeutic agents, as well as inhibit invasion through inhibition of NF-jB activity, and subsequent downregulation of Bcl-2 and Bcl-xL in prostate cancer cell line PC-3 [71, 79] . Topical application of BA exhibited significant anti-inflammatory and pro-apoptotic activity in animal models of inflammation and is currently being tested in clinical trials [80] [81] [82] . These observations support the use of BA and AKBA for both prevention and treatment of inflammation driven cancers.
Celastrol
Celastrol (tripterine), a quinine methide triterpenoid, is the most abundant bioactive compound derived from the root of Trypterigium wilfordii Hook L also known as 'Thunder of God Vine'. Celastrol has attracted great interest recently, especially for its potential anti-inflammatory and anti-cancer activities. The in vivo anti-inflammatory effects of this triterpene have been demonstrated in animal models of collagen-induced arthritis, rheumatoid arthritis, Alzheimer's disease, asthma, and systemic lupus erythematosus [83] [84] [85] . This triterpene has also been found to suppress tumor initiation, promotion and metastasis in various cancer models through modulation of multiple pro-inflammatory cytokines, chemokines, enzymes and transcription factors [4, [86] [87] [88] [89] [90] [91] . For example, celastrol has been shown to inhibit the proliferation of a wide variety of tumor cells [6, 83, [92] [93] [94] . Studies to define its therapeutic mechanism showed that it can suppress the NF-jB signaling pathway [83, 95] , VEGFR expression [96] , inhibit AKT/mTOR pathway [87] , suppresses Bcr/Abl and induce apoptosis in imatinib resistant chronic leukemia cells [97] , inhibit heat shock protein (HSP) 90 [98, 99] , ERK [100] , proteasomes [93, 101] and activate caspase8 [102] . This triterpene has also been shown to directly target Cys-179 in the activation loop of IKK-b kinase and also modulate the expression of proteins with cell survival (IAP1, XIAP, Bcl-2, Bcl-xL, cFLIP, survivin), cell proliferation (cyclin D1, COX-2), angiogenic, and metastatic (MMP-9, ICAM-1, VEGF) activities in tumor cells [83, 96] . We have also recently demonstrated that celastrol can indeed potentiate the apoptotic effects of botezomib and thalidomide by suppression of both NF-jB and STAT3 activation in multiple myeloma cells [92] . Celastrol up-regulates death receptor 4 (DR4) and 5 (DR5) expression at mRNA, and cell surface receptor levels, and knockdown of DR4 or DR5 attenuates the PARP cleavage caused by the combination of celastrol and TRAIL/Apo-2L, denoting the critical roles of DR induction in this sensitization of cells to apoptosis [91] . Celastrol analogs, pristimerin and dihydrocelastrol, have been shown to induce heat shock response and protect against lethal stress in HeLa cells and SH-SY5Y neuronal cells [98] . In another report, Abbas et al. synthesized a series of celastrol derivatives in which the carboxylic acid group was converted to amide or ester derivatives with the quinone methide functional group intact. They found that the benzyl ester and isopropyl ester derivatives of celastrol was cytotoxic to melanoma cells and induced apoptosis in a dose and time dependent manner [102] . The antitumor effects of celastrol is not limited to in vitro study, it also suppressed the growth and metastasis of melanoma in syngeneic and xenograft mouse models [102] , human prostate tumor xenografts [93] , celastrol in combination with trastuzumab retarded the rate of growth of ErbB2-overexpressing human breast cancer cells in a mouse xenograft model with minimal systemic toxicity [103] and human glioma xenografts in nude mice [96] . Celastrol showed potent antimetastatic activity both in in vitro focal adhesion-dependent cell migration and invasion assay and in vivo using the B16F10-green fluorescent protein-injected C57BL/6 mouse model, as indicated by decreased pulmonary metastases in celastrol-administrated mice [104] . Further studies are needed to better understand the mechanism(s) of action of various celastrol analogs and their therapeutic potential for cancer.
Escin
Escin, a pentacyclic triterpenoid, is the major bioactive principle found in the seeds of horse chestnut (Aesculus hippocastanum) [105] . Escin exists in two isomeric forms, a and b. The b form of escin has been described to exhibit anti-inflammatory effects [105, 106] and inhibit acute inflammation induced by acetic acid in mice and histamine in rats [107] . bescin was found to induce apoptosis in human colon cancer HT29 cells by upregulating p21 (Waf1/Cip1) [108] . The primary mechanism of action of b-escin is via the suppression of the NF-jB pathway induced by various cytokines and carcinogenic stimuli, leading to the down-regulation of NF-jB-linked gene products, potentiation of apoptosis, and inhibition of invasion. Harikumar et al. showed that b-escin inhibited proliferation and induced apoptosis in KBM-5, K562 (human chronic myeloid leukemia), A293 (human embryonic kidney carcinoma), H1299 (human lung adenocarcinoma), Jurkat (Human Tcell leukemia) and U266 (human multiple myeloma) and HL-60 (human acute myeloid leukemia cells) via suppression of NF-jB-regulated proliferation, apoptotic and metastatic gene products [109] [110] [111] . In another recent study, b-escin inhibited the proliferation and induced apoptosis of cholagiocarcinoma cells. The effect was mediated by activation of the intrinsic mitochondrial and caspase-dependent apoptotic pathway [112] . In a recent study from our lab we have reported the potential of b-escin to modulate constitutive and inducible STAT3 activation in hepatocellular carcinoma cells. We found that b-escin downregulated the expression of various STAT3 regulated gene products, such as cyclin D1, Bcl-2, Bcl-xL, survivin, Mcl-1, and VEGF. b-escin, in combination with paclitaxel or doxorubicin, potentiated the apoptotic effects of the chemotherapeutic compounds, thus its potent suppression of proliferation and chemosensitization of hepatocellular carcinoma [113, 114] . In combination with 5-FU, b-escin showed a synergistic cytotoxic effect in human hepatocellular carcinoma SMMC-7721 by inhibiting induction of apoptosis, cell cycle arrest, activation of caspases-3, 8 and 9, and down-regulation Bcl-2 expression [115] . This triterpene was also found to suppress the expression of adhesion molecules in endothelial cells [116, 117] . Recently developed semi-synthetic escin sodium was found to inhibit cell proliferation and induce apoptosis in human lung cancer A549 cell lines by suppressing iNOS expression, JAK/STAT signaling pathway [118] . It induced apoptosis in human acute leukemia Jurkat T cells by activating caspases 3, 8, and 9 with subsequent PARP cleavage. In another study, escin sodium was shown to inhibit endothelial cell migration and motility. The antiangiogenic activity of escin sodium was mediated partly by inhibiting ERK and p38 MAP kinase pathways which are involved in cell proliferation, motility and apoptosis [119] . Futhermore, in vivo b-escin was shown to produce synergistic anti-inflammatory activity with low dose glucocorticoids [120] . Thus development of novel analogs of b-escin that suppressest chronic inflammation will be useful in the chemoprevention and therapy of cancer.
Glycyrrhizin and 18b-glycyrrhetinic acid
Natural products of herbal origin have received increasing attention in recent years since the discovery of triterpenoids as novel cancer-preventive and therapeutic agents [64] . 18b-glycyrrhetinic acid (GA) a pentacyclic triterpenoid from the root of Licorice (Glycyrrhiza glabra) has been extensively used in traditional medicines as natural sweeteners and flavoring agents [121] . GA can inhibit tumor initiation, growth and induction of apoptosis in various cancer cells, including breast cancer cells, promyelocytic leukemia HL-60 cells, human gastric cancer and melanoma cells [122] [123] [124] . GA can also suppress the growth of human breast cancer cell line MCF-7 by causing apoptosis via the Akt/FOXO3a/Bim pathway [125] . GA induced apoptotic cell death in SiHa and HepG2 cells by suppressing NFjB, H-ras, cytochrome-c, Bcl-2, Bcl-xL and activating caspase 3 [126, 127] . Chintharlapalli et al. reported for the first time that PPARc agonists derived from glycyrrhetinic acid induced cell-dependent caveolin-1 and KLF-4 expression through receptor-dependent pathways [128] . Furthermore, the effects of glycyrrhizin on the AP-1 activity in untreated and tumor promoter-12-O-tetradecanoylphorbol-13-acetate (TPA)-treated conditions was analyzed. Glycyrrhizin inhibited the TPA-induced AP-1 activation in TPA-treated cells [129] . Glycyrrhizin was shown to suppress estrogen-related endometrial cancer by inhibiting COX-2, IL-1a and TNF-a [130] . Pretreatment with GA for 2 week conferred protection against UVBradiation induced skin tumor formation in SKH-1 hairless mice [131] . Intraperitoneal administration of GA increased natural killer cell activity in metastatic tumor-bearing animals [132] . It is evident from these studies that the antitumor activity of glycyrrhizin is mediated through the suppression of multiple cell signaling pathways.
Lupeol
Lupeol, a pentacyclic triterpenoid, occurs abundantly in medicinal herbs and in fruits such as mangoes, olives and fig [133] . This triterpene has been found to suppress proliferation, invasion and metastasis in several cancers. For example, Lupeol was shown to suppress cisplatin induced NF-jB activation and inhibited the orthotopically implanted head and neck squamous cell carcinoma in nude mice and skin cancer in CD-1 mice [134, 135] . Lupeol has been shown to inhibit several pro-inflammatory mediators and oncogenic kinases pathways such as PI3K/AKT dependent pathway [136] , and pro-inflammatory molecules such as prostaglandin E2/ TNF-a/IL-1b [137] . In addition, the beneficial and pre-clinical studies using lupeol has been recently reviewed [138] . Interestingly, lupeol was shown to significantly suppress androgen analog R1881-induced transcriptional activity of AR and expression of PSA. Lupeol blocked the binding of AR to AR-responsive genes, including PSA, TIPARP, SGK, and IL-6, and inhibited the recruitment of RNA Pol II to target genes [139] and also significantly decreased the transcriptional activation of survivin and cFLIP genes and b-catenin signaling in prostate and metastatic melanoma cells [140] [141] [142] . Lupeol treatment in melanoma cells resulted in a dose-dependent decrease in cell viability, induction of apoptosis, suppressed colonogenic potential, and reduced b-catenin transcriptional activity and the expression of Wnt target genes [143] . Most importantly, lupeol restricted the translocation of b-catenin from the cytoplasm to the nucleus and also decreased the growth of melanoma tumors implanted in athymic nude mice. The decrease in melanoma-derived tumor growth was associated with a decrease in the expression of Wnt target genes, such as c-Myc, cyclin D1, proliferation marker Ki-67 and invasion marker, osteopontin [143] . Overexpression of cFLIP is reported to confer chemoresistance in pancreatic cancer cells. Lupeol also suppressed expression of cFLIP protein, abolished TRAIL-mediated resistance to apoptosis in chemoresistant pancreatic cancer and inhibited the growth of tumor in nude mice [144] . Furthermore, lupeol exhibited chemopreventive potential in various cancer models [145] . Lupeol sensitized HCC cells to chemotherapeutic agents through the PTEN/Akt/ ABCG2 pathway and inhibited HCC tumor growth in nude mice by down regulating CD133 in tumor tissue [146] . Overall, literature review suggests that lupeol is a potentially efficacious dietary phytochemical that could be used in the prevention and treatment of inflammation driven cancers.
Oleanolic acid
Oleanolic acid (OA) is an oleanane-type triterpenoid that is widely found in dietary and medicinal plants. OA has been shown to act on various stages of tumor development, inhibits tumor initiation and progression in the two-stage mouse skin carcinogenesis model, and conferred protection against 12-O-tetradecanoyl phorbol-13-acetate induced carcinogenesis [147] . OA is potent inducer of apoptosis in tumor cells. OA was shown to induce apoptosis of HL-60 leukemia cells by activation of caspase-3 and PARP cleavage [148] . Like OA, Achyranthoside H methyl ester, a novel oleanolic acid saponin derivative from Achyranthes fauriei roots, induced apoptosis in human breast cancer MCF-7 and MDA-MB-453 cells by activating caspase-3 [149] . In HT-29 cells, the 2-a-OH derivative of OA, maslinic acid, induced apoptosis and suppressed COX-2 expression at very low concentrations compared to OA [150, 151] . Epi-oleanolic acid, isolated from Korean mistletoe was shown to induce apoptosis in a variety of tumor cells [152] . Amooranin, an oleanane pentacyclic triterpenoid isolated from the stem bark of Amoora rohituka has been shown to inhibit proliferation and induced apoptosis of MCF-7 and MDA-MB-468 cells via caspase activation pathway compared to normal breast epithelial cells MCF-10A. Additional studies using a synthetic derivative amooranin methyl ester showed potent activity against breast cancer cells at nanomolar range and inhibited Ehrlich ascites tumor in swiss mice [153] . Synthetic OA derivatives modulated multiple signaling pathways and intracellular signaling molecules including NF-jB, AKT, STAT3, mTOR, caspases-3, -8, and -9, ICAM-1, VEGF, and PARP in a variety of cancer cells [14, [154] [155] [156] . In particular, synthetic OA derivatives induced apoptosis of acute myelogenous leukemia cells, upregulated c-Jun NH2 kinase mediated upregulation of DR5 in lung cancer cells and inhibited angiogenesis, invasion and metastasis of tumor cells [157] [158] [159] . The induction of phase-2 enzymes, such as hemeoxygenase 1 and NADPH-quinone oxidoreductase occurs by modulating Nrf2-Keap1 signaling pathway [160] . Cytoprotective enzymes, such as GST and SOD which contain the antioxidant response element (ARE), are Nrf2 and upregulate genes in response to oxidative stress [161] . Importantly, synthetic derivative of oleanolic acid 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid (CDDO), and its C-28 methyl ester (CDDO-Me) and C28 imidazole (CDDO-Im) demonstrated potent anti-inflammatory and antitumor activity [162, 163] . Shishodia et al. showed that the inhibitory effect of CDDO-Me was more potent than that of CDDO or CDDO-Im. CDDO-Me inhibited NF-jB signaling activated by a variety of stimulating agents in human leukemia cells. CDDOMe was shown to inhibit IKKa kinase and subsequently IjBa protein phosphorylation and degradation, as well as NF-jB-dependent transactivation of the reporter gene [163] . Furthermore, both CDDO-Me and CDDO-Im could inhibit IKKb kinase by directly binding to Cys-179 and inhibiting the enzymatic activity of IKKb [164] [165] [166] . Sohn et al. provided first evidence that OA have antiangiogenic effects on bovine aortic endothelial cells and in chick embryo chorioallantoic membrane assay [167] . Both the synthetic compounds were shown to be potent inhibitors of angiogenesis in Matrigel sponge assay and in immortalized Kaposi's sarcoma cell line. The compounds prevented endothelial cell tubulogenesis when cultured on Matrigel and inhibited vascular endothelial growth factor-induced ERK1/2 pathway in human umbilical vein endothelial cell [167, 168] . All these results underscore the potential of OA and its synthetic derivatives both as preventive and therapeutic agents for chronic inflammation driven cancers.
Ursolic acid (UA)
Ursolic acid (3b-hydroxy-urs-12-en-28-oic-acid) is a pentacyclic triterpenoid (a member of the cyclosqualenoid family) derived from berries, leaves, flowers, and fruits of medicinal plants, such as Rosemarinus officinalis, Eriobotrya japonica, Calluna vulgaris, Ocimum sanctum, and Eugenia jumbolana, that has been extensively studied for its anti-inflammatory and anti-cancer activities [169] . UA has been reported to suppress the proliferation of a variety of tumor cells, induce apoptosis, and inhibit tumor promotion, metastasis, and angiogenesis in animal models of cancer. He and Liu first isolated and identified 20 pure compounds from cranberries, including UA and showed that these compounds have potent anti-proliferative activities against HepG2, liver cancer cells and MCF7, breast cancer cells [170] . In vitro, UA has been shown to induce apoptosis in a variety of tumor cells, including HL-60, human leukemia cancer cells [171, 172] , K562 [173] , HEC108 and SCG-II, human endometrial cancer cells [174, 175] , M4Beu human melanoma cells [176] , A549, human non-small cell lung cancer cells [177] , PC-3 and LNCaP, human prostate cancer cells [178] , HaCaT, human keratinocyte cells [179] , human Burkitt's lymphoma Daudi cells [180] in a dose-and time-dependent manner. The major mechanisms by which UA induces apoptosis is through inhibition of DNA replication [171] , caspases activation [181, 182] inactivation of protein tyrosine kinases [183] , and induction of Ca 2+ release [172, 180] . UA also induced apoptosis via NF-jB mediated down-regulation of the cellular inhibitor of apoptosis gene [181] . Furthermore, Shishodia et al. found that UA suppressed NF-jB activation induced by various carcinogens, including TNFa, phorbol ester, okadaic acid, H 2 O 2 and cigarette smoke [184] . This inhibition was mediated through, IKK kinase activation, IjBa phosphorylation and degradation, p65 phosphorylation, p65 nuclear translocation, and NF-jB dependent reporter gene expression. UA also inhibited NF-jB-dependent reporter gene expression activated by TNF-a receptor, TRADD, TRAF2, NIK, IKK, and p65. The inhibition of NF-jB activation correlated with the suppression of NF-jB-dependent cyclin D1, COX-2 and MMP-9 expression [184] . In a recent study by our group we have shown that PTEN knockdown sensitizes androgen independent DU145 cells to UA in a time dependent manner and induced apoptosis in both androgen independent DU145 (overexpress PTEN) and androgen dependent LNCaP cells (PTEN null) [185] and inhibited the growth of DU145 prostate tumor in nude mice. In another study, we reported that UA can inhibit distant site metastasis by inhibiting CXCR4/CXCL12 signaling pathway in TRAMP mice model [186] . UA inhibited both constitutive and IL-6-inducible STAT3 activation [187] , and this suppression was mediated through the inhibition of activation of upstream kinases c-Src, JAK1, JAK2 and ERK1/2. It was observed that UA can induce the expression of SHP-1 protein, while knockdown of SHP-1 by siRNA suppressed the induction of SHP-1 and reversed the inhibition of STAT3 activation, thereby indicating the critical role of SHP-1 in the mechanism of action of UA. Thus, UA can be effective in suppressing the inflammatory network consisting of NF-jB, STAT3, and AKT [187] . UA also inhibited COX-2 in PMA-treated human mammary and oral epithelial cells [188] . Honda et al. showed a concise structure activity relationship of UA showing potent nitric oxide inhibitory activity [189] . Recently, novel UA derivatives with promising antiviral activity against human papilloma virus type 11 (HPV) and influenza virus type A (H1N1) have shown growth inhibitory effect of HPV-negative cell lines, C33A, and the HPV-positive cell lines, SiHA (HPV-16), CaSki (HPV-16) and HeLa (HPV-18) [190] . Thus, UA is a novel blocker of inflammation-driven chronic diseases and is one of the most promising triterpenoid-based drug candidates that necessitate further evaluation in clinical trials.
Synthetic triterpenoids
Novel synthetic triterpenoids which mimic natural triterpenoids in physical and chemical properties have been found to be effective in suppressing inflammation and inducing apoptosis in a wide variety of tumor cells via diverse mechanisms [16, 164] . This was first established by the exceptional ability of synthetic oleanane triterpenoids to inhibit inducible NOS induced by TNF-a, IL-1 and IFN-c [191] . These compounds also sensitize tumor cells that do not respond to conventional chemotherapy [192] . Proteomic analysis has led to the identification of important protein targets of synthetic triterpenoids. In many instances, it has been observed that these compounds bind to the active cysteine residue in the proteins [16] . The key proteins that have been reported to be modulated by oleanane triterpenoids are Keap 1 [193, 194] , IKK, IkBa and NF-jB [164, 166] , JAK1 and STAT3 [165, 195, 196] , PTEN [197] , AKT [14, 198, 199] , mTOR [200] , ROS [201] , DR5 and CHOP [202] , GSK3b [203] , cFLIP and VEGF [204, 205] , mitochondrial membrane potential [206] , and cell cycle arrest [198, 207, 208] . In another study where transgenic LSL-Kras(G12D/+); LSL-Trp53(R127H/+); Pdx-1-Cre (KPC) mouse model of pancreatic cancer were fed with diet containing CDDO-Me or CDDO-ethyl amide, the rexinoid LG100268 significantly increased the survival of mice by 3-4 weeks [209] and prevented lung cancer development when fed with these terpenoids for 8 weeks [15] . CDDO and CDDO-Me fed for 20 week inhibited the progression of the preneoplastic lesions (low-grade PIN and high-grade-PIN) to adenocarcinoma in the dorsolateral prostate (DLP) and ventral prostate (VP) lobes of TRAMP mice [210, 211] prevented breast cancer development in BRCA1-mutated mice [212] ; pretreatment with oral CDDO-Me improved survival following lethal-dose LPS challenge in mice by modulating the in vivo immune response to LPS [213] ; CDDO-Me inhibited orthotopic pancreatic human L3.6pL tumor growth and down-regulated Sp1, Sp3, and Sp4 in tumors [214] . However, these synthetic terpenoids had very poor oral absorption and low bioavailability. To improve its pharmacokinetic profile, a novel CDDO anhydride was synthesized with the same potency as CDDO-Me, but with greater bioavailability [214] . Angiogenesis, particularly 'inflammatory angiogenesis', is a common target of many chemopreventive molecules, which most likely suppress angiogenesis in pre-malignant tumors. CDDO-Im induced DNA-damage, cell cycle arrest and apoptosis in BRCA-1 mutated breast cancer cells [215] ; stimulated megakaryocytic differentiation [216] ; and inhibited Waldenstrom Macroglobulinemia [217] . CDDO-Im treatment significantly decreased liver metastasis burden in both human colon cancer and B16F1 mice models [218] . CDDO-Me can also inhibit the growth and induce apoptosis of colorectal cancer cells and ovarian cancer cells by suppressing pro-survival signals and NF-jB signaling proteins [219] . Both CDDO-Me and CDDO-Im has been shown to inhibit tumor angiogenesis in vivo and are currently in phase 1 clinical trials in the US [168] . Other novel synthetic derivatives, such as cyanoenones of boswellic acid and glycyrrhetinic acid, showed potent anti-inflammatory and cytotoxic activities [220] . In vitro screening of BA and UA synthetic derivatives have been shown to have antiviral activity against human papillomavirus type 11 and influenza virus type A (H1N1) [221] . It is worth mentioning that the same synthetic route was recently used by Wang et al. to prepare a non-natural derivative of UA bearing this particular trisaccharide residue [222] . A schematic diagram on potential effects of triterpenoids on apoptotic machinery in tumor cells is shown in Fig. 3 . However, additional studies are needed to elucidate the full potential of these synthetic derivatives for both the prevention and treatment of cancer.
Conclusion
Numerous triterpenoids that occur in nature are structurally diverse and in particular pentacyclic triterpenoids have been shown to inhibit cell proliferation, survival, metastasis, angiogenesis and induce apoptosis or enhance the apoptosis induced by other anti-tumor agents/targeted therapies. The diverse bioactivity of structurally related triterpenoids may be well explained by their potential ability to target multiple oncogenic signaling cascades in a wide variety of tumor models. Considering the complexity that drives initiation and progression of cancer, simultaneous targeting of multiple cancer-related proteins by these triterpenoids may pave the way for anticancer drug development. Also, several of the synthetic triterpenoid derivatives, such as CDDO-Me and CDDO-Im, are already in clinical trials that will provide more insights into their potency and efficacy in human subjects. Briefly, this review has highlighted the importance of both natural and synthetic triterpenoids, which have the potential for use in both chemoprevention and therapy of various cancers with several common molecular targets. The evidence for the ability of triterpenoids to suppress various key steps of tumor initiation, progression and promotion clearly vindicates their traditional use over the past hundreds of years in the treatment of inflammatory diseases/cancers. These remain to be further validated once the results of ongoing clinical studies are available.
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